The one-step preparation of silver nanoparticles and dendritic structures mediated by aqueous royal jelly solutions has been investigated for the first time. It has been found that royal jelly (RJ) is a complex organic matrix that can be simultaneously used as a reducing and stabilizing agent in the chemical synthesis of colloidal silver-based nanostructures from aqueous AgNO 3 solutions, without the requirement of additional reagents or heating sources to initiate the oxidation-reduction reactions. The resulting product consisted of very fine single-crystal disks of Ag and silver 4,4 0 -dimethyldiazoaminobenzene (a triazenic compound). Both kinds of particles tended to coalesce and form supramolecular dendritic structures, the AgNO 3 /RJ weight ratio chosen in the synthesis being a key parameter to control the crystal growth and the microstructural properties of the Ag nanodisks. Data obtained from Fourier transform infrared and Raman spectroscopy analysis indicated that these nanostructures are coated by RJ biomolecules (residues of proteins and carbohydrates). In vitro biological assays showed that these nanostructures exhibit a promising enhanced antibacterial activity against both Gram-positive and Gram-negative bacteria.
Introduction
Silver nanoparticles exhibit broad-spectrum antibacterial, antifungal and virucidal activities that are widely exploited by different industries in the disinfection of aliments, water and medical instruments, and which could play an essential role in the prevention of epidemics caused by the progressive resistance of pathogens to the drugs. 1 Moreover, silver nanostructures are used as the cathode of silver-oxide batteries and as efficient catalysers. On the other hand, low dimensional silver materials are of signicant importance in the sensor technologies owing to their plasmonic 2 and surface-enhanced Raman scattering (SERS) properties. 3 Strongly motivated by these interesting features and practical applications, many investigations have intensively pursued the efficient synthesis and stabilization of uniform sizecontrolled Ag nanostructures during the last decades. 4, 5 As a result of such research efforts, there currently is a large variety of synthetic routes available that yield to the successful preparation of Ag particles with nanometric sizes. However, these methods invariably involve the use of reagents that are hazardous to human health and have a serious impact on the environment. Therefore, the design of more sustainable approaches for the synthesis of Ag nanostructures is pressingly needed. Recently, several investigations have shown that the reducing and stabilizing agents used in the conventional production of nanoparticles via oxidation-reduction reactions, which usually have an important environmental impact, can be replaced with extracts or aqueous solutions of natural products (leaves, seeds, fruits, roots, and honey, among others) due to their high antioxidant potential. [6] [7] [8] [9] [10] These alternative synthetic routes offer interesting advantages over the conventional synthesis: they are quite simple, economically competitive and reduce risks to human health and the environment. 11 In addition, these more sustainable procedures provide new approaches for the stabilization and functionalization of nanostructures especially interesting for applications in biomedicine including drug delivery and tissue imaging.
11,12
Among the more relevant contributions in this interesting topic, remarkable advances have been made with the use of aqueous honey solutions in the synthesis of various nanomaterials. In this fashion, Philip has prepared 4 nm silver nanoparticles 7 and 15 nm gold nanoparticles in presence of aqueous honey solutions. 8 Most recently, Madhusudana Reddy et al. have reported the synthesis of anisotropic palladium nanoparticles with sizes of 5 to 40 nm (ref. 13 ) and Venu et al.
14 have synthesized ultrane Pt nanoparticles and nanowires through similar synthetic procedures. The power antioxidant of honey has been ascribed to its high content of mono-and disaccharides (mainly fructose, glucose and sucrose) 13, 15, 16 and proteins, [17] [18] [19] [20] and the stabilizing function of honey has been mainly associated to its proteins.
7
It is well known that royal jelly (RJ) is rich in proteins, monosaccharides, polyphenols and vitamins that provide it a potent antioxidant activity.
21 Therefore, RJ solutions should serve as very suitable reaction medium in green syntheses of nanomaterials. However, it is worth noting that, even though the composition of royal jelly has been studied since the early work of von Planta published in 1888, 22, 23 the complete identication of the complex composition of royal jelly is a research issue that remains quite open, and the development of new characterization techniques is allowing the discovery of new compounds. For instance, 19 new proteins have been recently identied in RJ by one-dimensional gel electrophoresis and gelfree proteomic approaches. 24 In addition, it has been found that RJ contains several carboxylic acids, being the only known natural source of 10-hydroxy-trans-2-decenoic acid, which is named "royal jelly acid" 25 and that have potent antibiotic properties.
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Encouraged by these promising results and the unique antioxidant and bioactivity properties of royal jelly (RJ), we have investigated in the present contribution for the rst time the potential of water solutions of royal jelly as reducing and stabilizing agent in the eco-friendly synthesis of Ag-based nanostructures and their antibacterial activity.
Experimental techniques

Chemical reagents
Raw royal jelly was obtained from a local beekeeper in northeastern Mexico. Silver nitrate (AgNO 3 , 99+%) was purchased from Sigma-Aldrich and was used as received. The water added in all experiments was doubly distilled.
Synthesis of samples
Several experiments were carried out in triplicates using different AgNO 3 /RJ weight ratios. Table 1 summarizes the synthetic conditions of the most representative experiments. In these experiments, an aqueous royal jelly solution was prepared mixing raw royal jelly with bi-distilled water by vigorous stirring and keeping the concentrations RJ/water of 0.1 g ml À1 or 0.2 g ml À1 . Aerwards, 10 ml of the aqueous RJ solution was mixed under vigorous stirring on a magnetic stir plate and at room temperature, with 10 ml of 0.5 M or 0.005 M aqueous solution of silver nitrate (Table 1) . Then, the resulting solution was kept under moderate stirring for 24 hours. During the rst hours of synthesis, the color of the solution changed from initial light yellow to darker yellow-brown, indicating the reduction of the Ag + ions. Aer 24 h, the resulting products were puried by successive centrifugation and redispersed in distilled water. Finally, they were named according to the AgNO 3 /RJ weight ratio chosen in their synthesis (samples S-0.4%, S-42% and S-85%, see Table 1 ).
It is pertinent to remark that it was not necessary to regulate the pH of the reaction media using additional acidic or basic compounds. The pH is a determining synthetic parameter that affects the reaction kinetics, and therefore, also affects to the average particle size of biosynthesized nanoparticles. For instance, Philip 7 recently showed that the average particle diameter of Ag nanoparticles synthesized using aqueous honey solutions, decreases from around 15 down to 4 nm as the pH values was increased from 6.5 to 8.5, increasing also the particle uniformity. In our experiments, the pH values of the reaction solutions before mixed were 4.0 and 6.3 for RJ and AgNO 3 solutions, respectively. The pH values of the reaction media were close to 4.0, 6.5 and 7.5 for samples S-0.4%, S-42% and S-85% respectively, and these values remained unchanged during the reactions.
In an additional experiment, sample S-0.4% was diluted in 50 ml of distilled water and heated up to reach the boiling temperature under vigorously stirring until the sample was completely dried. The obtained powder was named S-0.4%S (Table 1) .
Characterization techniques
Powder X-ray diffraction (XRD) measurements were carried out using a X'pert Pro X-ray diffractometer (PANalytical) with Cu Ka (l ¼ 1.5418Å) radiation. The mean coherence length, L, associated to the more intense diffraction peaks were estimated from the full width at half maximum (FWHM) of the corresponding diffraction peaks using the Scherrer equation:
where l is the X-ray wavelength, b is the broadening of the diffraction peak and q is the Bragg angle. The morphology and microstructure of the samples were examined by conventional and high resolution transmission electron microscopy (TEM and HRTEM) and selected area electron diffraction (SAED) using a FEI-TITAN 80-300 kV microscope operated at an accelerating voltage of 300 kV. The specimen for these studies was prepared by depositing and evaporating a drop of the colloidal solution onto lacey carbon coated copper grids. The elements present in the samples were determined using an energy dispersive spectrometry analyzer (EDS) integrated in the transmission electron microscope. HRTEM images were analyzed by fast Fourier transform (FFT) using the soware Digital Micrograph (Gatan soware, Inc). These images and the SAED patterns were interpreted with patterns simulated using the "Web-based Electron Microscopy Application Soware: Web-EMAPS". 28 Fourier transform infrared (FTIR) and Raman spectroscopic measurements were carried out to gain information about the binding between the Ag-based nanostructures and bio-molecules of RJ. The FTIR analyses were performed using a Nicolet 510 Fourier transform spectrometer with the samples diluted in KBr pellets. Raman spectra were collected in a Horiba HR800 UV Confocal Raman Microscope. For these measurements a green laser (532.14 nm), working at 600 line per mm, 100Â objective, 20 mW, and 0.1 mm pinhole, was used. The ultraviolet-visible spectra of the nanostructured samples and the aqueous royal jelly were recorded using a Thermo scientic Evolution 60S UV-Vis spectrophotometer and distilled water dispersive medium of samples.
Antibacterial assays
The antibacterial activity of samples was proved against Salmonella typhimurium (ATCC 14028) and Staphylococcus aureus (ATCC 25923). Radial diffusion assays (RDA) were realized using a bacteria density of 0.6 O.D. units for both strains. Assays were carried out separately in 100 Â 15 mm Petri dishes poured with 20 ml nutrient agar media and inoculated with each one of the bacterial strains. A 20 ml aliquot of RJ aqueous solution (1 : 10 v/v) or 20 ml of aqueous colloidal suspensions of the biosynthesized nanoparticles with a concentration of 26 mg ml À1 were dropped in the middle of each dish. All preparations were incubated for 24 h at 37 C. Once incubation time elapsed, growing inhibition areas were measured to establish the antibacterial effect of the biosynthesized nanoparticles. Bacterial strains were tested in a Minimal Inhibitory Concentration (MIC) assay to determine the lowest concentration obtained by serial dilutions showing to inhibit visible growth of a microorganism aer incubation. Cultures were prepared in TSB media in 96 well plates and immediately aer preparation they were incubated at 37 C during 24 hours.
Samples were tested against both bacterial strains from 1 : 200 to 1 : 0.15. Once incubation time elapsed, the absorbance of the wells was read at 540 nm. The minimal concentration for growth inhibition was estimated by reference to each strain positive control.
Results and discussion
Microstructural and morphological studies 
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The peak broadness of all diffraction peaks observed in Fig. 1a indicates that both crystalline phases have a nanostructured character. The mean coherence lengths L of samples S-0.4% and S-85% estimated from the peaks more intense of the two phases and using the Scherrer equation were 7 and 12 nm for the organometallic compound, and 4 and 3 nm for the metallic silver, respectively.
The presence of both crystalline phases was also evidenced in all samples by SAED analysis. As an illustrative example, Fig. 1b shows a typical SAED pattern of sample S-42%. It is characterized by several spotty rings that can be associated to the (111), (200), (220) and (311) planes of the fcc metallic silver. Moreover, spots corresponding to lattice spacing values of 3.21, 2.78, 1.96, 1.70 and 1.62Å, which correspond to the silver 4,4 0 -dimethyldiazoaminobenzene crystals, were clearly observed. Fig. 2a shows a TEM micrograph of the sample S-0.4%. This image reveals that this sample is constituted by very ne welldispersed particles with a mean diameter of 7 AE 3 nm (see their size distribution in Fig. 2b) . Comprehensive studies by HRTEM showed that the majority of these particles are Ag single crystals viewed along the [110] direction and with diameters around 4 nm (the inset of Fig. 2a shows a typical HRTEM of these nanoparticles). It suggests that these ne particles are Ag single- crystals that display a disk-like morphology with the h110i direction perpendicular to their at surface. Also, but in minor proportion, bigger silver vefold twinned nanoparticles (Fig. 2c ) and silver 4,4 0 -dimethyldiazoaminobenzene nanodisks with diameters around 12 nm (Fig. 2d) were observed. Fig. 3a shows a TEM micrograph of the sample S-42%. This image reveals that the sample contains very ne particles with mean diameter of 4 AE 2 nm (see their size distribution in Fig. 3b ). In addition, a small percentage of bigger particles with sizes around 30 nm, which tend to appear attached into clusters (highlighted by arrows in Fig. 3a) , were also observed. Fig. 3c shows a typical HRTEM image of an isolated nanoparticle with a diameter around 10 nm of sample S-42%. In this image, lattice fringes corresponding to the {111} planes of fcc metallic silver are clearly observed. The corresponding FFT of the HRTEM, showed in Fig. 3d , displays spots that can be indexed to the [211] zone axis of the metallic silver. Interestingly, the majority of the examined particles of this sample were oriented along this zone axis, suggesting that these particles are rather at falling the h211i direction along the direction perpendicular to their at surface, in contrast with the nanodisks of sample S-0.4%, whose h110i direction is normal to the nanodisk plane. Moreover, additional spots associated to the ½(À13À1) and ½(À1-13) forbidden reections are also found in the pattern presented in Fig. 3d . These results are signi-cantly similar than those observed in Ag nanodisks prepared with red Capsicum annuum var. aviculare extracts, 29 but different from the typical observations in plate-like nanostructures of Ag and Au prepared by conventional methods, in which the at face is oen parallel to {111} and the forbidden 1/3{224} reections are usually observed in the SAED patterns recorded along the [111] zone axis.
30,31
The appearance of forbidden reections has been found in many metal fcc nanocrystalline structures with attened morphologies. 32, 33 The occurrence of such reections is usually attributed to the presence of different kinds of crystal defects, including the presence of parallel twining planes, 34,35 dislocations, 32 and (111) stacking faults. 30 On the other hand, the observation of such reections and the corresponding superlattice fringes in the HRTEM micrographs, also can be explained considering the low dimensionality of these materials and the physical principles on which the HRTEM and SAED measurements are based.
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Fig . 3e shows a TEM micrograph of an aggregate of particles of around 30 nm in size of sample S-42%. In this particle cluster is remarkable the formation of "branches" that reects the tendency of the bigger particles to self-assembly into dendriticlike structures. Moreover, HRTEM images of these supramolecular structures indicate that, usually, the attached particles into the clusters share the same crystallographic orientation. As an illustrative example, we present in Fig. 3f the HRTEM of two adjacent particles attached in the same particle cluster. Both particles have the same orientation and are viewed along the [211] direction. Moreover, it is worth noting that the FFT image corresponding to these particles (see the insets of Fig. 3f ) exhibit the same features than those found for the smallest particles (see Fig. 2d ), including the appearance of 1/2{113} forbidden spots. Fig. 4a shows a TEM micrograph of the sample S-85%. This image indicates that this sample presents several features similar than sample S-42%. In this manner, this sample mostly consists of very ne nanoparticles with sizes around 4 nm. Also, a population of particles with sizes around 50 nm that frequently appears forming aggregates (see the inset of Fig. 4a ) is observed. In this case, the presence of these bigger particles is more notorious than in sample S-42%. SAED patterns of these bigger particles showed that they usually have a polycrystalline structure consistent with the fcc metallic silver, however additionally diffraction spots suggests the presence of silver 4,4 0 -dimethyldiazoaminobenzene (Fig. 4b) . Fig. 4c presents a HRTEM image of one of such particles. In this image, C 14 H 14 AgN 3 lattice fringes surrounding the Ag particle and with d-spacing of 2.78Å are clearly distinguished. These observations are very similar than those found in Ag nanoparticles prepared with Capsicum annuum var. aviculare extracts, 29 where it was found that C 14 H 14 AgN 3 triazene nanodisks tend to be attached to Ag particle surface showing a capping agent like behaviour. Also, these results reveal that the crystallization of the organometallic disks is usual in the precipitation of Ag-based particles from extracts of natural products.
In addition, dendritic structures of around 1.5 mm in length and 1 mm in width were also observed in sample S-85% (see TEM images in Fig. 5a and b) . These facts suggest that the attenuation of the stabilizing ability of the reaction medium via the reduction of the RJ concentration allows the formation of more amounts of bigger particles and the formation of dendritic structures by particle aggregation processes. EDS analysis conrmed that the principal component of the observed micrometric dendrite is Ag (Fig. 5g) . The highmagnication TEM and HRTEM images (Fig. 5b and c) show that the branches of this dendrite are formed by coalesced monocrystalline particles that share the same crystallographic orientation and display a mesoporous structure with porous sizes of around 2-5 nm in diameter. This fact indicates that the initial polycrystalline particles experienced a structural reorganization during their self-assembly into the dendrite and the subsequent crystal growth by coalescence mechanisms. Fig. 5c shows a HRTEM image of a branch of the dendritic structure. In this image, besides lattice fringes related to the face-centered cubic (fcc) phase of metallic silver, lattice fringes with d-spacing of around 2.46Å are clearly distinguished. These fringes correspond to the 3 Â {113} superlattice spacing of the fcc metal silver crystal. The FFT image corresponding to the image of Fig. 5c shows a pattern of spots that can be indexed to the [211] zone axis of the metallic silver (see Fig. 5d ), therefore, the at surface of the dendrite is perpendicular to the [211] direction. Also, additional spots associated to the 3 Â {113} superlattice spacing are also found.
Another interesting feature of this dendritic structure is that the SAED patterns of different branches are very similar. In fact, several dendrite branches located at the top of Fig. 5a (marked with circles) share the same crystallographic orientation, as it is evidenced in the SAED patterns (see Fig. 5e and f) . In addition, it is found that the axes of the branches are along the h113i direction, therefore it is a preferential direction for the aggregation of the oriented attached nanocrystals.
From these experimental results we can conclude that, the formation of the dendrite started with the self-assembly of Ag nanoparticles.
32 Aerwards, the intergrowth between nanocrystals probably occurs due to the tight packing of the nanoparticles into the dendritic structure. In addition, it is worth mentioning that close to dendrite branches appear very ne nanoparticles (see Fig. 5b ). It indicates that the growth of the dendritic structure could continue by Ostwald ripening mechanism. 36 To the best of our knowledge, this is the rst time that the preparation of dendritic Ag structures at room temperature, mediated by natural derived products is reported. It could be useful to shed further light on the crystallization phenomena and the development of novel sensor technologies based on the excellent SERS properties of Ag dendritic structures.
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The TEM examination of the sample S-85% aer two months of aging in environmental conditions revealed that the small particles considerably grew with an extension of the mean diameter up to 11 AE 4 nm (see Fig. 4d and e) . On the other hand, micrometric dendrites were not found, suggesting the instability of such structures.
In order to gain further information about the thermal stability of the crystalline phases of metallic silver and silver 4,4 0 -dimethyldiazoaminobenzene, the sample S-0.4% was thermally treated as it is described in the Methods section. Fig. 1Sa † displays the XRD pattern of the resulting powder (i.e. sample S-0.4%S). It is observed that the diffraction peaks ascribed to the silver 4,4 0 -dimethyldiazoaminobenzene phase are considerably more intense with respect to the peaks of the metallic Ag phase, and their broadening signicantly decreased with respect to the corresponding peaks of sample S-0.4%. It indicates that the crystallization of the C 14 H 14 AgN 3 phase is favored with the thermal treatment. Fig. 1Sb † displays a TEM micrograph of this sample where nanoparticles of diameters around 4 nm embedded into a matrix are observed. Fig. 1Sc † presents a HRTEM micrograph where lattice fringes corresponding to fcc metallic silver and silver 4,4 0 -dimethyldiazoaminobenzene are observed (see also the corresponding FFT image in Fig. 1Sd †) .
Studies by FTIR, Raman and UV-visible spectroscopies
In contrast with the initial light yellow solution, as-prepared samples exhibited a yellowish brown color, being samples S-42% and S-85% considerably darker than sample S-0.4% (see Fig. 6 ). Fig. 7 shows UV-visible spectra of the samples S-0.4%, S-42% and S-85% aer reactions compared with a typical spectrum recorded for an initial solution before reactions. The spectra of samples S-42% and S-85% clearly present a surface plasmon resonance (SPR) extinction band with an absorbance maximum at around 430 nm, conrming the presence of ne Ag particles. In the case of sample S-0.4%, a SPR band is not distinguished, probably due to the low particle concentration of this sample.
FTIR and Raman spectroscopy analyses were carried out to gain information about the formation mechanism of silverbased nanostructures in RJ solutions. RJ is very rich in reducing compounds, mainly proteins (about 50% of the dry mass) and carbohydrates (about 30% of the dry mass).
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Fig . 8 shows the FTIR spectra recorded from dried royal jelly and the silver-based samples. The spectra of the Ag-based samples display well-dened characteristic bands observed at around 3300, 3070, 2950, 1670, 1525, 1448, 1400, and 1058 cm À1 that appear also in the spectrum of the royal jelly but slightly shied and/or with difference relative intensity. Such bands can be mainly associated to residues of proteins and carbohydrates of RJ. This fact suggests that biomolecules of RJ are conjugated with the Ag-based nanoparticles. In this manner, the broad band observed at the wavenumber range of 3500-2750 cm From these results, we can conclude that RJ proteins and carbohydrates (reducing sugars) are the responsible of the bioreduction of the Ag + ions, and as a consequence, residues of aminoacids and oxidized sugars are bounded to the Ag nanodisk surface. This hypothesis is in agreement with the tendency of proteins to bind to Ag surfaces through the amine and/or the carboxylate ion groups found in other works. 7, 41 On the other hand, the oxidation of carbohydrates during the bioreduction should produce carboxylic acids bounded to the particle surface, and it is evidenced with the observation of FTIR bands in the spectra of the nanoparticles at around 2900-3000, 1720-1650, 1400, 1230 and 930 cm À1 ascribed to the n(O-H), n(C]O),
and O-H out-of-plane bend vibration modes, respectively. Fig. 9 shows the Raman spectra of RJ and the biosynthesized samples. The spectra of the Ag-based samples exhibit broad and intense bands at 1350 and 1570 cm À1 that correspond to symmetric and asymmetric C]O stretching vibrations of the carboxylate ions. [42] [43] [44] The enhancement of these bands conrms that carboxylate ions are directly bound to Ag nanoparticle surface falling the C]O groups perpendicular to the particle surface. 42, [45] [46] [47] Antibacterial assays Fig. 10 and 11 depict the results of the antibacterial assays carried out with as-prepared samples S-42% and S-85%. Both samples exhibited signicant antibacterial activity against Gram-negative bacteria (S. typhimurium) and Gram-positive bacteria (S. aureus). In this manner, clear non-growth halos were observed in the agar experiments (Fig. 10) , where the halo diameters of the experiments with sample S-85% were larger than those of sample S-42%. On the other hand, the MIC values obtained for experiments with S. aureus (around 8 and 4 mg ml
À1
in Ag content, respectively) and S. typhimurium (around 4 mg ml À1 in Ag content for both samples), estimated as the concentration for which the absorbance at l ¼ 540 nm experienced a strong fall (Fig. 11) , were of the same order than the lowest MIC values reported using Ag nanoparticles.
48,49
Fig . 9 Raman spectra of aqueous solution of royal jelly and water suspensions of the Ag-based nanostructures synthesized using royal jelly. Therefore, the Ag-based nanoparticles synthesized using RJ have a very promising potential as antibacterial agents.
Conclusions
It has been demonstrated for the rst time that Ag-based nanostructures can be synthesized at room temperature using aqueous royal jelly solutions as reducing agent of Ag + ions.
The obtained product mainly consisted of ultra-ne Ag singlecrystals with disk-like morphologies and diameters of around 4 nm. In addition, nanodisks of silver 4,4 0 -dimethyldiazoaminobenzene with diameters around 10 nm and twined ne Ag particles have been found. The growth of these nanostructures and their microstructural characteristics were controlled with the AgNO 3 /RJ weight ratio xed during the synthesis. In such manner, when this ratio was increased from 0.42% up to 42% or 85%, the perpendicular direction to the Ag nanodisk plane changed from the h110i to h211i direction. Also, the metallic silver and the organometallic nanodisks tended to growth by aggregation and coalescence to form particles of several tens of nm that, in turn, self-assemble into Ag dendritic supramolecular structures. Antibacterial assays indicated that these nanostructures prepared in presence of RJ exhibit important antibacterial activity against Gram-positive and Gram-negative bacteria. 
